Lead (Pb) and its alloy anodes are widely used in the process of zinc electrowinning. It is important, yet difficult, to evaluate the service life of different anodes with varying components. In this work, electrochemical accelerated corrosion tests were investigated for the prediction of service life. Corrosion of pure Pb, Pb-0.75 wt.% Ag, and Pb-0.287 wt.% Ag-0.914 wt.% Ca anodes were investigated in the simulated electrolyte with and without manganese ion. Corrosion potentials, polarizing resistances, corrosion currents, and current efficiencies of the three typical anodes are further discussed. The semiempirical relationship between corrosion rate and current density was suggested to obtain consumption rates of Pb-based anodes by rapid evaluation in the bench-scale experiments. Both the service life and the energy efficiency can be acquired according to the expression obtained.
INTRODUCTION
The electrowinning (EW) processes of many metals, such as Zn, Cu, Co, Mn, and Ni, with Pbbased anodes have been used in the electrometallurgical industry for tens of decades [1] . At present, 85% of the world's Zn is produced by the EW process and lead-silver alloys are used as the primary anodes, which are also predominantly used for other sulphate-based aqueous systems [2] . The survival of Pb anodes is due to their cost efficiency and long-term stability at high current densities and in aggressive environments; however, their drawbacks include high overpotential and the possibility of cathode contamination. Many elements, such as Sb, Ca, Ag, and Sn, have been chosen to alter the electrochemical performance of Pb by alloying [3] . The service life of Pb anodes is usually 1-2 years in practice, depending mainly on lead consumption [4, 5] . The corrosion properties are critical to assess Pb anodes to be utilized in factories. Corrosion rates depend on many operating parameters including not only alloying elements but also acid concentration, temperature, current density, preconditioning, and presence of Mn 2+ , Cl − , and Zn 2+ , etc. [3, 4, 6] . Fortunately, these environmental factors are almost stable during the typical zinc electrowinning process.
Numerous investigations have focused on the corrosion resistance of Pb anodes by weight loss or electrochemical methods [5, 7, 8] . Potentiodynamic polarization measurement can determine the corrosion parameters, such as corrosion current, corrosion potential, and polarization resistance [2, 9] . Electrochemical impedance spectroscopy provides in-situ information of corrosion kinetics and mechanism of reactions [10, 11] . Electrochemical noise measurements have been used to detect corrosion by calculating the resistance noise [12] . These parameters of corrosion rates are usually obtained for Pb anodes at open-circuit potential or during current interruption. Usually, gravimetric methods can be used to determine corrosion rates of Pb alloys under harsh working conditions [13, 14] .
There is almost no literature devoted to evaluating the service life of Pb-based anodes from bench-scale experiments. It is also very difficult to compare the measuring results of different type Pb anodes due to varied conditions and methods of tests [2, 10, 14] . The aim of this work was to explore a method to assess the service life of Pb-based anodes in the zinc electrowinning process based on corrosion rates. An electrochemical accelerated corrosion test was employed as a rapid method to acquire corrosion rates under simulated industrial conditions of zinc electrowinning.
MATERIALS AND METHODS

Sample preparation
Three typical Pb-based anodes were used for the assessment of corrosion. Pure Pb foils were purchased from Alfa Aesar with purities >+99.9 wt% (written as "Pure Pb", hereafter). Pb-0.75 wt.% Ag alloy and Pb-0.287 wt. % Ag-0.914 wt.% Ca alloy were commercial products supplied by the Kunming Hengda Technology and Mengzi Mine Smelting Company, respectively (abbreviated hereafter as "PbAg" and "PbAgCa", respectively). All samples were wet ground on abrasive papers of 600#, 800#, 1200#, and 2000#, and ultrasonically cleaned in ultra-pure water (>18 MΩ, Hitech Instruments), ethanol, and acetone sequentially. Then, they were dried by a high-purity nitrogen stream. The specimens were cut to fit a polytetrafluoroethylene (PTFE)-coated flat specimen holder (AIDAhengsheng, JJ210) with a 1 cm 2 area exposure to the test solution.
Solution preparation
All chemicals were analytical reagent (AR) grade and obtained from the Sinopharm Chemical Reagent Company without further purification. The composition of the electrolyte solution was similar to that used in a zinc electrowinning plant. (MnSO4). To suppress zinc deposition on a Pt cathode, 5 mg/L of antimony (as antimony potassium tartrate) was added to the electrolyte [13] . The temperature of the solution during the experiment was maintained at 36±1℃ in a water bath (Yuhua, DF-101S).
Measurements
Weight loss tests
The electrochemical accelerated corrosion tests were performed gravimetrically in a conventional two-electrode system, with a 4 cm 2 area Pt sheet as the cathode. The cleaned specimens were dried at 105℃ for 1 hour and weighed using a balance with an accuracy of 0.1mg (Mettler Toledo). Then, they were placed in the electrolyte solution and used as the anode under a constant current (Good Will Instrument, GPD-2303S). The bulk of the electrolyte was kept as 1 L by both condensing water vapor and frequent addition of pure water due to water splitting. The solution was rigorously stirred with a Teflon stir bar at about 1000 r/min to minimize the attachment of corrosion products on the surface of the anode. The current densities were set at 500, 2500, 5000, 7500, and 10000 A/m 2 for 20 hours, unless otherwise stated. A time of 20 hours was chosen because Newnham [13] and Hine [15] observed that the corrosion rates of Pb anodes were equivalent for different periods during electrochemical accelerated tests. At the end of the tests, the samples were rinsed with pure water, and any build-up of lead oxide or manganese dioxide was carefully removed with soft cloths or rubber. It has been reported that the mass of the lead dioxide layer is negligible compared to the overall weight loss [13] . Next, the sample was ultrasonically cleaned in ultra-pure water, ethanol, and acetone sequentially, dried at 105℃ for 1 hour, and weighed after cooling to a constant weight in a desiccator. The determination was repeated three times at the same condition, and the average of these values was used for analysis.
Potentiodynamic polarization
A computer controlled Versastat 3 potentiostat/galvanostat (Ametek, USA) performed electrochemical characterizations with VersaStudio software. A three-electrode system was used in simulated zinc electrowinning electrolyte solution which consisted of 60 g/L Zn 2+ and 160 g/L H2SO4.
The temperature of the electrolyte was maintained at 36℃ by a thermostatic water bath (Yuhua, DF101). Three typical materials were used as the working electrodes, and a platinum sheet and a mercury/mercurous sulphate electrode (in saturated K2SO4) (MSE, 0.652V vs. NHE) were used as the counter electrode and the reference electrode, respectively. Pre-treatment of the anodes using consecutive multiple cyclic voltammetry (CV) was performed with 30 runs from 0.35V to 1.55V (vs. MSE) with a sweep rate of 30 mV/s to obtain consistent and reproducible results. The potentials in this paper were vs. MSE, unless stated otherwise. All overpotentials (η) for the oxygen evolution reaction (OER) from H2O were calculated by the following equation:
is the thermodynamic oxygen evolution potential in an acid, defined as 1.229-0.059×pH(V), and Rs is the electrolyte resistance which is determined by the electrochemical impedance.
The linear sweeping voltammograms (LSVs) were recorded by linear sweep of the potential at a sweep rate of 1 mV/s from 0.35 V to 1.75 V in the region of oxidations of anodes and oxygen evolution. The slow sweep rate was chosen to minimize any pseudo-capacitance to reach the steady-state current density. The solution was rigorously stirred with a Teflon stir bar to keep the reaction in the activation-controlled region to avoid mass transport effects. Tafel plots were obtained by plotting the overpotential (η) vs. Log (j) (x-axis) from the LSVs, where j is the current density based on the geometrical surface area of the electrode.
Physical characterization
The morphology of the surface of the anode after the corrosion experiment was investigated using scanning electron microscopy (SEM, Shimadzu, EMPA-1720). The corrosion products suspended in the electrolyte were filtered and separated with a microporous membrane (0.2 µm) and dried in a vacuum oven. The morphology and atomic ratios of the powders were determined with an electron microprobe (Shimadzu, EMPA-1720). The content of lead sulphate in the powder was calculated from the sulphur quantity determined by a C/S analyser (Eltra, CS 2000). X-ray diffraction (XRD, Rigaku, D/Max 2200) using a Cu Kα (1.54056A) target was carried out with a scanning rate of 8°/min with a step of 0.02°. Raman spectra were recorded from the corrosion powders at room temperature using a Renishaw inVia Raman microscope with a helium laser at 514.5 nm. Each sample was subjected to 60 s over the range of 100−1500 cm −1 with a power of 1 mW to avoid laser heating of the specimen.
RESULTS AND DISCUSSION
Corrosion characterization
The morphologies of both Pure Pb and PbAg after the accelerated corrosion tests at a current of 500 A/m 2 in 150 g/L H2SO4 + 60 g/L Zn 2+ solution for 20 hours are shown in Figure1. Both show a loose and porous oxide appearance and significant intergranular corrosion. These pores and crevices play critical roles in ion transportation, resulting in corrosion of the bulk metal. There are less defects on the surface of the PbAg anode than on the Pure Pb, and the oxide particles on the surface of the PbAg anode are smaller than those of Pure Pb, which can provide more corrosion resistance. Ag can close the pores in PbSO4 and coarsen the grain size and structure [16] , which is of imminent importance for the rate of corrosion in industrial electrolytes [17] .
(a) hours, were collected. The XRD patterns are shown in Figure 2 . The powders from the solution without Mn consisted of 92.4 wt.% PbO2 and 7.6 wt.% PbSO4, based on analysis of XRD data and C/S analyser data. The particles in solution with the addition of Mn contained 92.7 wt.% MnO2, 6.7 wt.% PbSO4, and 0.6 wt.% PbO2, which were calculated by combining the energy dispersive spectrometer (EDS) and C/S analyser results. It is indicated that there is preferential oxidation of Mn 2+ during oxygen evolution, and the dissolving of Pb is reduced, which leads to slow consumption of anodes. These results are consistent with analysis of the corrosion layer in previous literature [4] . In zinc electrowinning plants, these corrosion products will build up on the surface of the anodes, forming slime that must be removed frequently because of overpotential and contamination of the cathode. The Raman spectra in Figure 3 show that the strong sulphate bands are clearly visible [18] . A broad band at ~450 cm -1 is associated with the O−S−O bending vibration, and lead sulphate often has two sharp bands in that region, at 439 and 451 cm −1 . The 970 and 1123 cm −1 bands are characteristic of the SO4 symmetric stretching vibration [19] . Since PbO2 is very sensitive to irradiation and degrades immediately, it is difficult to obtain a Raman spectrum from PbO2 [20] . The weak, broad bands at 100−200 cm -1 are due to suboxides of lead formed by laser-induced decomposition of PbO2. The very broad band at 542 cm −1 is readily attributed to Pb3O4, which formed from PbO2 [20] . It is also known that bands in the high-frequency region, ~570 and ~630 cm −1 , belong to the MnO2, which originate from breathing vibrations of the MnO6 octahedra within a tetragonal hollandite-type framework [21, 22] . The results agree well with an early study [4] that showed that anode slime is mostly suspended with diameters less than 20 μm. Compared with the literature [4] , it can be concluded that the particle sizes are much more uniform and smaller at high anodic current densities.
(a) 
Electrochemical polarization analysis
LSVs recorded for the Pure Pb, PbAg and PbAgCa at sweep rate of 1 mV/s in 150 g/L H2SO4 + 60 g/L Zn 2+ electrolyte are shown in Figure 5 . The polarization curves of the three anodes are similar.
Both corrosion and Tafel parameters ware shown in Table 1 , and obtained by the Tafel extrapolation technique at selected potential ranges. The corrosion currents (Icorr) were calculated based on the "SternGeary" expression [23] , as follows:
where Rp is the polarization resistance at Ecorr and ba and bc are the Tafel constants. The corrosion potentials of Pb-based anodes are higher than those of Pure Pb thanks to the high equilibrium potential of Ag. The corrosion currents of Pb-alloy anodes result from bimetallic corrosion between Pb and the alloying elements. In the overpotential range of oxygen evolution, the anodic Tafel slopes of those anodes are all about 170 mV/dec, which indicate that the mechanism of oxygen evolution on the surface is the same. All exchange current densities (j0) are of the same order of magnitude as a previous report [4] . It is also reasonable that the potentials have a linear relationship with the logarithm of current densities, as follows: = 1 × log( ) + 2 (3) Where E and j are the potential and current of the electrode during oxygen evolution, respectively, and C1 and C2 are constants. 
Evaluation based on corrosion rates
The corrosion rates (CR) of all anodes were calculated in accordance with ASTM G1 and G31, as follows:
where CR=corrosion rate in mm/y, K=87600, W=mass loss in g (to the nearest 0.1 mg), t=time of accelerated test in hours, A=area in cm 2 , and ρ=density in g/cm 3 .
The corrosion rates of the three anodes as functions of current densities are shown in Figure 6 . The longitudinal coordinate is a logarithm of W, and the horizontal coordinate is a logarithm of current density. It can be seen that the corrosion rates have nothing to do with the corrosion current (Icorr) or polarization resistance (Rp) as a consequence of the varying potential ranges and different reactions. It is evident that there is a linear relationship between the corrosion rate and current density in the logarithmic coordinate for the three anodes. It agreed well with the report of Nidola [24] and Hine [15] , who showed that the corrosion rates of Pb anodes containing 0.1−5.0 wt.% Ag increased with current densities of 2500−10000 A/m 2 for 100 hours. In other words, the log(CR) is proportional to log(j), as in the following expression:
where CR and j are the corrosion rate and current density of electrodes, respectively, and C3 and C4 are constants.
Combing Eq. (3) and (5) gives the following, log(CR) = 5 × + 6 (6) where C5 and C6 are constants. The relationship between corrosion rate and potential (E) in Eq. (6) was also found in a previous study [25] . 
where jpb is the corrosion current density in A/m 2 , F = 96485( Faraday's constant) in C/mol, W = the mass loss in g(to the nearest 0.1mg), t = the time of the accelerated test in seconds, A = the area in m 2 , M = the molecular weight in g/mol.
Current efficiencies of all anodes are shown in Table 2 . The current efficiencies of PbAg anodes are more than 99.9% and the highest among the three anodes. With increases in applied current density, the current efficiencies of both PbAg and PbAgCa were reduced slightly, while the current efficiencies of Pure Pb fluctuated in the range of 99.48−99.62%. The reason may be that Pb alloying with Ag and Ca elements is related to changes in the structure of the PbO2 layer and decreased lifetime of the hydroxyl radical intermediate, which can reduce oxidation of the Pb substrate [26] .
Impact of Mn 2+ on the relationship between the corrosion rate and current density
The corrosion rates of the three anodes in the electrolyte with the addition of 2 g/L Mn 2+ as a function of current densities are shown in Figure 7 . Although all corrosion rates of the anodes decreased because of MnO2 formation on the surface as a catalyst and a protecting layer [27] , there is still an almost perfect linear relationship between log(CR) and log(j), with the adjusted R 2 larger than 0.992. Therefore, we can assess the service life of lead and its alloy anodes based on Eq. (5) through electrochemical accelerated corrosion tests. Usually, weight loss tests of anodes from lead and its alloys under zinc electrowinning need to be more than one thousand hours to obtain reliable results [5] . Actually, we can accelerate the corrosion tests at very high current densities in a short time period and deduce the corrosion rate (CR0) at any current density. Then, the service life of a fresh anode with a thickness of L0 can be determined as L0/(2 CR0), in theory, assuming uniform corrosion.
CONCLUSIONS
To our knowledge, this is the first assessment of the service life of lead and its alloy anodes based on the electrochemical accelerated corrosion test. Electrochemical measurements and weight loss tests were employed to investigate the corrosion potentials, polarizing resistances, corrosion currents and current efficiencies of the pure Pb anode and two typical commercial Pb-alloy anodes. An important expression between corrosion rate and applied current during oxygen evolution is suggested. From the semi-empirical relationship between corrosion rate and current density, rapid evaluation of Pb-based anodes can be conducted in the bench-scale experiments. The results can also be used to compare different anodes on not only corrosion rates but also energy efficiency by the slopes and intercepts.
